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THE EFFECTS OF ANTIMONY AND NITRITE ON 
THE CORROSION RATE OF TIN IN CITRIC ACID 
by 
Alton F. Rauch 
Abstract 
Plated tin samples which contain antimony as an impu- 
rity are shown to corrode in 1 N citric acid more quickly 
than pure tin, the increased rate of corrosion being 
directly proportional to the concentration of antimony in 
the plated tin at the antimony concentration range studied 
(0 to 1000 ppm). The polarization curve of the antimony 
impurity itself is calculated by determining the difference 
between the sample's polarization curve and the sample's 
presumed behavior if it were composed of pure tin. /Evi- 
dence is gained through the linear plots of both the corro- 
sion current density and the limiting cathodic antimony 
current density vs antimony concentration in the plated tin 
which suggests that hydrogen evolution occurs readily at 
surface sites occupied by single antimony atoms. 
The polarization of pure tin in 1 N citric acid, to 
which small amounts of nitrite had been added, showed 
distortions in the cathodic portion of the curve which 
indicated the presence of a rate limiting step, probably 
the reduction of nitrite to ammonia. 
A previously unreported phenomenon, cathodic passiva- 
tion, is described for tin.  At a nitrite concentration of 
10 ppm, 1 N citric acid sometimes causes the cathodic cur- 
rent to drop to negligible levels at a potential approxi- 
mately 0.1 V lower than tin's corrosion potential.  The 
most likely explanation for this phenomenon is the forma- 
tion of a stable oxide due to the oxidizing influence of 
the nitrite ion. 
Introduction 
The so called "tin can" is in such heavy use at the 
present time that it is difficult to pass through an entire 
day's activities without at some point either consuming or 
otherwise handling some substance which at one time had 
been stored in a can made of tinplate.  As technology 
allowed, and as the rising price of tin demanded, tinplate 
has relied on a thinner and thinner coating of plated tin. 
The corrosion problems of this thinner tin coating is 
aggravated due to the limited ability of the tin to provide 
sacrificial protection. 
The identification and characterization of those sub- 
stances which have strong influences on the corrosion 
behavior of tin are the first steps necessary to the con- 
trol and understanding of corrosion phenomena.  The present 
study delineates the effects of two substances known to 
have strong accelerating influences on the corrosion of 
tin:  antimony as ah impurity in the bulk metal and the 
nitrite ion in contact with the tin.  Relationships will 
be demonstrated between the corrosion rate and "either the 
antimony content of the tin or the nitrite content in the 
experimental solution.  Explanations for the manner of 
action of nitrite and antimony will be given. 
Background 
As understanding and sophistication in the field of 
corrosion science grew, interest was turned by some inves- 
tigators to the problems found in the centuries-old indus- 
try of tinplating.  It was quickly determined that certain 
important .substances, either as a part of the tinplate it- 
self or in contact with it, had a strong accelerating 
effect upon the corrosion of tin. Antimony was found to 
have a highly detrimental effect on the life of tinplate 
in air in 1935 *  . A more exacting determination of the 
effect of antimony on the corrosion of tin by oxygen is 
that done by Boggs, et al, who found antimony to cause an 
increase in oxidation unmatched by several other metals 
(2) (3\ 
under studyx  . Buck and Leidheiser*' had found that two 
batches of tin upon which they were experimenting showed 
significant differences in the rate at which they corroded 
in 2 M HC1.  They attributed the difference to a greater 
antimony content in the faster corroding sample.  Buck and 
Leidheiser later clearly showed the influence of antimony 
on the corrosion rate of tin in boiling 0.2 M citric acid 
(4) 
and boiling 2M HC1* '.  Their studies, performed in an 
acidic solution containing different metal cations, showed 
that tin was corroded in the presence of antimony at a 
markedly high rate, passing even those metals with a high 
exchange current density, such as platinum and rhodium, 
which might be expected to have a higher effect than anti- 
mony. 
The nitrite ion has long been known to be a highly 
corrosive substance, a fact which has been put to good use 
due to nitrite's ready passivation of iron in aqueous 
media.  The number of studies on the passivation of iron by 
nitrite is enormous and a review of the work would be 
pointless for the purposes of this study.  A few samples of 
the typical work being done in this field are sufficient to 
show that the bulk of the investigations on the action of 
nitrite on iron is aimed at demonstrating that passivation 
in a particular system is possible' *  Indeed,a truly defin- 
ing relationship between nitrite concentration and corro- 
sion rate may never have been done on iron. 
The major work on the corrosion of tinplate by nitrite 
and nitrate is that by Britz and Luft*  . Their work shows 
the strong influence of nitrite on increasing the corrosion 
of tin and brings into question work by other investiga- 
tors  '   who looked at the corrosion of tin by nitrate. 
Britz and Luft demonstrated that the initial corrosion of 
±±n  by nitrate proceeded slowly and increased as the con- 
centration of nitrite increased due to the reduction of 
nitrate with time. 
Chapter 1 
Plating and Analysis of Tin-Plated Specimens 
(a)  Plating Operation 
Plating was done on cylinders of tin whose surface 
—4 2 
area was approximately 5 x 10  m . These cylinders were 
made from 99.999% pure tin rod, 0.0095 m diameter, purchased 
from Alfa Products. Each cylinder was drilled approximate- 
ly half its length along its axis and threaded so that it 
could be screwed onto a sample holder.  Pretreatment of 
each specimen consisted of abrasion by a very fine emery 
cloth followed by several minutes in a concentrated hydro- 
chloric acid bath. After rinsing with water and drying, 
each specimen was weighed. After plating, each specimen 
was reweighed, with the assumption that the entire weight 
gain was due to the weight of the plated tin.  The value of 
the weight gain was later used in the calculation of anti- 
mony concentration in the plated tin. 
The bath vessel is pictured in Figure 1 and consisted 
of a 0.25 1 Pyrex electroplating beaker in which a cylin- 
drical graphite anode was supported by means of a silicone 
caulking material.  The silicone caulk was chosen for its 
resistance to attack by warm alkali. A hole was drilled 
through the anode sufficiently large to allow the introduc- 
tion of the specimen and a portion of its holder into the 
bath itself. 
Fig. 1. The plating bath, 
with a graphite anode arranged 
to produce even plating on all 
sides of an electrode placed 
within its center. 
The plating bath consisted of a 0.025 kg/1 solution of 
Na2Sn03 • 3H20, CP grade, purchased from Mallincrodt, and 
made 0.1 N in free NaOH. The temperature of the bath was 
kept at 60°C using a hot plate and was stirred by the use 
of a magnetic stirring bar.  Care was taken during the 
plating operation to prevent the level of the bath from 
going above the top of the graphite electrode.  Such an 
overflow could have caused the introduction of an unknown 
quantity of copper due to the corrosion of the copper screw 
embedded in the graphite electrode to allow for electrical 
connections.. The applied potential during plating was 
approximately 3V. Typical current density values were in 
2 
the range of 150 to 200 A/m with the time of plating usu- ' 
ally being between 3 and 4 hours.  The depletion of both 
antimony and tin in the bath was about 5%, indicating that 
the plated tin was probably homogeneous throughout its 
thickness.  Shorter lengths of plating time were deemed 
7 
inadvisable since the accuracy of the antimony analysis was 
directly related to the absolute amount of antimony plated 
onto the tin specimen. A shorter plating time would have 
lowered the amount of antimony plated, which would have 
resulted in an unacceptably high uncertainty of the anti- 
mony concentration in the plated tin, particularly at low 
levels. On the other hand, higher current densities, while 
producing the desired thickness of plated tin in a shorter 
time, tended to produce rougher surfaces.  Since the true 
surface area is greatly affected by its roughness, it was 
considered best to use the procedure which gave the smooth- 
est plated tin and thus minimized the error of surface area 
measurement.  Surface area calculations in the present study 
were made with the assumption that all specimen surfaces 
were perfectly smooth. 
Antimony was added to the plating bath in the form of 
antimony trichloride from a 1000 ppm atomic absorption 
standard.  Table 1 shows the approximate up-take of anti- 
mony in ppm (by weight) in the plated tin in relation to 
the amount of antimony added to the bath.  Figure 2 pre- 
sents the data in Table 1 graphically and shows not only 
that the amount of antimony plated along with the tin is 
directly proportional to the concentration of antimony in 
the bath but also that those plated tin specimens to which 
no antimony had been added nevertheless contained substan- 
tial amounts of the metal (over 100 ppm). Since antimony 
8 
Table 1 
resulting Sb concentration 
liters 1000 ppm Sb standard      in plated tin (approx.) 
added to 0.25 liter bath in ppm (by weight) 
0.00000 170 
0.00001 240 
0.0001 270 
0.0005 450 
0.0010 620 
0.0015 870 
0.0020 1150 
is a natural constituent of tin ores it was not surprising . 
to find this impurity remaining in the sodium stannate in 
levels which would be inconsequential in most applications 
but undesirable in the present work.  To circumvent this 
problem 0.005 kg of pure tin was dissolved in a nitric/ 
hydrochloric acid misture. NaOH was then added to this 
solution until pH 10 was reached.  This solution was then 
used to produce low-antimony plated tin specimens.  For 
these low-antimony specimens antimony was added to the 
plating bath by the addition of small amounts of sodium 
stannate. 
The range of antimony concentrations in plated tin 
chosen for study was approximately 0 to 1000 ppm.  This 
range seemed to offer the most information from a scienti- 
fic viewpoint and also from that of practical application. 
In addition, the tin-antimony system appeared to undergo a 
change as the concentration of antimony was increased 
greatly above 1000 ppm.  Up to 2000 ppm Sb plated tin had a 
silver-white appearance. Above 5000 ppm Sb, however, the 
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plated tin became grayer in appearance. As the Sb concen- 
tration passed above an estimated 1% level the coloration of 
the plated tin turned to brown and eventually to a smutty 
black. 
A sample holder was designed such that it would faci- 
litate easy handling during the plating, polarization and 
tin stripping operations. A rod of Teflon was drilled 
along its axis and a tightly fitting threaded steel rod was 
run through the full length of the rod (see Figure 3). A 
second shorter length of Teflon stock was machined such 
that the first Teflon rod fit snugly within the second but 
allowed for convenient elevation and lowering of the sample. 
The outer supporting piece of Teflon was given a standard 
taper so that it might fit a standard 24 mm ground glass 
joint.  It was found that a thin Teflon gasket seated 
between the sample and the holder was generally sufficient 
to produce a good seal.  Several cases of leakage occurred, 
as evidenced by highly erratic behavior during polarization, 
and in these instances the samples were removed and the 
steel supporting rod dried.  Upon replacement of the-sample 
a modest amount of silicone grease was applied to either 
side of the gasket to assure the integrity of the seal. 
Silicone grease was not employed at any time during the 
nitrite studies and therefore played no factor in the 
phenomenon of cathodic passivation, to be discussed later. 
11 
Fig. 3.  The sample holder, shown 
actual size.  A retaining nut 
(not shown) was sometimes used 
on the upper end to assure a tight 
hold on the sample. 
JL 
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(b)  Antimony Analysis in Plated Tin 
Analysis of the plated tin for antimony was performed 
after completion of the polarization experiments by dis- 
solving the plated tin in a 40% HCl/10% HNO3 solution.  The 
dissolution process was stopped after the crystal structure 
of the underlying tin rod became clearly defined.  The acid 
solutions containing the antimony were diluted to 50 ml, 
aliquots of which were delivered by means of a micropipet 
into the carbon rod assembly of a Model 360 Perkin-Elmer 
atomic absorption spectrophotometer. The carbon rod method 
possessed the advantages of eliminating interferences 
occurring in other analytical methods, providing a rapid 
sample turnover rate and a very low detectability limit. 
The small aliquots involved allowed numerous replicate 
analyses whenever necessary to attain suitable accuracy. 
Antimony metal dissolved by the acid solution mentioned 
above and analyzed by the use of the carbon rod proved that 
recovery of the antimony was practical at a rate of recov- 
ery greater than 99%. When the total absolute amount of 
antimony in the acid solutions was determined the data were 
combined with the weight of the plated tin to calculate the 
concentration of antimony. 
13 
Chapter 2 
Polarization and Corrosion Rate Determination 
Fig. 4.  The polarization cell.  This cell is a modifica- 
tion of the cell described in ASTM method G5 - 72 for 
making potentiodynamic and potentiostatic anodic polariza- 
tion measurements. 
Polarization was done in the apparatus shown in Figure 
4.  This apparatus consisted essentially of a one liter 
round bottom flask with five ports. The central port was 
occupied by the sample holder while the surrounding ports 
held the Luggin probe, platinum counter electrode, gas in- 
let and outlet.  The probe was held in its glass adapter by 
a Buna-N O-ring, which allowed for easy lateral movement of 
the probe. The probe's adapter was designed to be off line 
with the axis of the port which held it, giving it the 
advantage of freedom of movement by a slight rotation of 
the adapter within the port. Due to this freedom of move- 
14 
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Fig. 5.  Potentiostat connec- 
tions for the counter elec- 
trode, working electrode and 
reference electrode. 
to calomel electrode 
to tin sample 
to platinum electrode 
ment coupled with the ability to raise and lower the 
sample, any spot on the sides of the sample was accessible 
to the probe and, indeed, a variety of sample geometries 
could conveniently be used without altering the system 
itself.  Nitrogen gas, which had first passed through a 
ferrous sulfate/sulfuric acid scrubber to remove trace 
oxygen, was led into the bottom of the flask by way of a 
glass tube which ended in a medium glass frit.  The entrance 
of this gas provided all necessary stirring to the solution 
during polarization.  The test solution was deaerated for 1 
hr. before polarization was begun.  The sample was placed in 
the cell approximately 1/2 hr. before the start of the 
experiment.  The tin samples were given a short dip in 
concentrated HC1 (15 to 30 sec) to remove most of the tin 
oxide coating.  Despite this precaution or perhaps because 
of it the first polarization curve was found to be signifi- 
cantly different from the succeeding curves.  This altera- 
15 
tion of the polarization curve was presumably due to resi- 
dual oxide which was removed during anodic polarization. 
This first polarization was then disrgarded in obtaining 
corrosion rate data. All experiments were performed at 
room temperature, 19° + 1° C. The Luggin probe led to a 
vessel containing 1 N citric acid, in which a "saturated 
calomel electrode was suspended. 
Polarization was done potentiodynamically using a 
Wenking Potentiostat.  The electrical connections between 
the potentiostat and the polarization apparatus are shown 
in Figure 5. 
The corrosion rate was determined by extrapolation 
of the Tafel lines (lines showing a linear relationship 
between potential and log current density) of the anodic 
curve.  Only those samples which had a high antimony con- 
tent or, later, those samples of pure tin run in solutions 
of high nitrite content showed cathodic non-Tafel lines 
steep enough to yield reliable extrapolation, as will be 
seen from later polarization curves.  Those samples having 
very steep non-Tafel regions in the cathodic portion of 
their polarization curves yielded extrapolations which 
agreed well with the corrosion rate determined by extrapo- 
lation of the anodic curve. As the steepness of the non- 
Tafel region became less pronounced it became more diffi- 
cult to draw a tangent to the curve, with a corresponding 
increase in the error of the corrosion rate estimate. 
16 
Chapter 3 
Corrosion of Tin with Antimony as an Impurity 
When a clean sample of pure tin was polarized in 1 N 
citric acid, it produced a typical polarization curve (see 
Figure 6). In contrast, polarization curves run on samples 
which had been plated in the sodium stannate bath, to which 
a small amount of antimony trichloride had been added, 
showed deviations in the cathodic portion of the graph.  In 
the typical behavior the cathodic curve quickly lost most 
of its slope as the sample's rest potential was approached 
from the Tafel region to become nearly horizontal.  The 
plated tin samples containing antimony, however, show an 
increase in slope as one goes from the linear Tafel region 
to lower current density values before finally approaching 
a horizontal position.  It can be seen that the most severe 
deviations occur at the highest concentration of antimony 
in the plated tin.  The anodic curves at the various anti- 
mony concentrations are not significantly altered in shape. 
The stability of the shape of the anodic polarization curve 
is hardly surprising since at all levels of antimony con- 
tent under study the predominant anodic reaction is the 
oxidation of tin metal to stannous ions, and is thus little 
affected by alloying impurities. 
The change in cathodic behavior has been noted previ- 
ously by Sherlock, et ar , who did their experiments on 
tin-plated steel and reasoned that the deviation was due to 
17 
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Fig. 6.    Potential (V vs 9CE) vs current density (log A/to*) 
for tin samples with the indicated antimony content in ppn 
(by weight) 
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the occurrence of two cathodic reactions:  that occurring 
on the tin surface and another occurring through pores in 
the tin on the surface of the steel.  Sherlock's theory 
that a diffusion limiting step is the cause of this devia- 
tion does not seem unreasonable since the rate of the 
cathodic reaction on steel would naturally be limited by 
the rate at which hydrogen gas could be removed from the 
steel surface and replaced by fresh hydrogen ions in solu- 
tion.  After this limit is achieved, a linear relationship 
between potential and the log of the current density would, 
of course, be expected. 
This line of reasoning cannot be accepted in the 
present work, however, since all experimentation was per- 
formed on samples of tin plated onto tin.  Since it is 
known that more than one metal exists in the plated tin the 
deviation in the polarization curves might better be 
explained by the presence of the antimony impurity.  The 
presence of the antimony evidently produces a number of 
sites on the sample surface which are more conducive to the 
cathodic reaction than reaction sites on pure tin.  These 
active sites might either be antimony atoms or defects in 
the crystal lattice caused by the presence of antimony.  In 
either case the deviation in the cathodic curve might be 
explained by the same sequence of events.  Namely, at 
potentials only slightly cathodic to the rest potential 
nearly all of the cathodic reaction will take place at the 
19 
active surface sites, either antimony atoms or defects. 
Thus, as the specimen is brought to a more and more catho- 
dic potential the percentage of the cathodic reaction 
occurring on the tin itself would increase as the rate at 
the active sites approached the limit allowed by the diffu- 
sion of the reacting species in solution to those sites. 
In this way Sherlock's idea of a diffusion limiting step is 
retained but is placed on entirely different grounds.  A 
search was made of the literature for the cathodic polari- 
zation curve for antimony in an aqueous medium without suc- 
cess.  Had the data been available it would have been pos- 
sible to make predictions of the total polarization curve 
of a tin sample with a small antimony impurity by arith- 
metically combining the two curves of the pure metals to 
the proper degree indicated by their percentage in the 
plated tin sample.  Such a prediction, when made, is likely 
to be very instructional.  Comparison of the predicted 
polarization with the experimental curve should yield evi- 
dence concerning the precise nature of the active site on 
the surface. 
The phase diagram of the tin-antimony system deter- 
(12) 
mined by Iwase, et al   ', is in good agreement with the 
earlier work by Broniewski & Sliwowski*  , who found that 
tin and antimony form a solid solution at room temperature 
up to an antimony concentration of 8%. Hanson and Pell- 
Walpole determined the upper limit for antimony at room 
20 
(14) temperature to be only 3.5%  '. Whichever of these values 
is correct it is well above those examined in the present 
work.  Since the antimony is stable at the concentrations 
under study it may be stated with some confidence that the 
antimony atoms plated out of solution in a random manner 
and should remain so since no thermodynamic impetus exists 
to cause the antimony atoms to aggregate.  The question 
then presenting itself is if the increased rate of reaction 
during cathodic polarization is due to action directly at 
the antimony sites, does this reaction occur at single 
antimony atom sites or at sites where one antimony atom had 
at least one other antimony atom as a nearest neighbor? 
Relying upon the Central Limit Theorem of binomial 
statistics the percentage of active surface sites may be 
calculated assuming that*the cathodic reaction occurs sole- 
ly at paired antimony sites. According to this theory the 
most probable fraction of antimony atoms having another 
antimony as a nearest neighbor is simply the fraction of 
antimony in the bulk metal squared.  Making a plot of the 
active surface sites vs the concentration of antimony in 
plated tin yields the graph shown in Figure 7.  It must be 
clear that it is assumed in this graph that all of the 
cathodic reaction is taking place on paired antimony sites 
only. Sites at which two or more antimony atoms act as 
nearest neighbors for another antimony atom have been 
neglected due to their low likelihood and reactions at tin 
21 
sites or at defects have been ignored for the sake of sim- 
plicity.  The plot of Figure 7 is parabolic in nature and 
it is to be expected that if the assumptions are at all 
correct there should be a resemblence between this figure 
and that obtained by plotting corrosion rate vs antimony 
concentration. As will shortly be seen, this resemblence 
is not noted. 
Since the cathodic reaction was looked upon physically 
as the sum of two reactions, one occurring on the tin and 
one occurring on the antimony, there was every reason to 
believe that the polarization curve could be treated in the 
same manner.  Figure 8 illustrates what was done diagrama- 
tically to each polarization curve.  If one extrapolated 
the Tafel region of the cathodic curve back to the corro- 
sion potential one would be nearly duplicating the supposed 
behavior of the sample if it were pure tin.  By plotting 
the difference in the antilogarithm of these two curves at 
various potentials a plot can be made which should accu- 
rately describe the cathodic current density for the sum of 
the individual antimony sites.  Figure 8 is instructional 
in that it clearly shows that at potentials only slightly 
cathodic to the corrosion potential the cathodic reaction 
of the impure tin is capable of proceeding at a rate tre- 
mendously greater than that of pure tin. The hypothesis 
that the reaction occurring on the antimony surface becomes 
negligible at high current density values is supported by 
22 
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the fact that by the time the Tafel region of the cathodic 
curve is reached the polarization curve of the antimony it- 
self has reached a limiting current density much less than^ 
the current density exhibited by the sample as a whole in 
the Tafel region. A plot of the log of the limiting anti- 
mony concentration is shown in Figure 9.  The shape of this 
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Fig. 8. The calculated Sb polarization curve. 
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curve is quite similar to the plot of antimony concentra- 
tion vs corrosion rate, as shown in Figure 10. This corre- 
spondence is not entirely coincidence since the bulk of the 
cathodic reaction is occurring at sites on the surface 
occupied by antimony atoms. 
A good comparative work in the corrosion of tin is to 
/i 5) v- 
be found in Bombara, et ar  '. Their experimentation was 
performed on commercial tinplate at a temperature of 30°C. 
The corrosion rates for tinplate in citrate solutions at 
various pH's was examined and that at pH 2, which is 
closest to the pH 2.4 found in the citric acid solutions of 
the present study, showed a corrosion rate of 1.8 x 10 
A/m compared to a value of 3.6 x 10~ A/m found in this 
study of pure tin.  Considering the difference in tempera- 
ture and the slightly lower pH in Bombara's work, as well 
as the fact that some iron may be exposed through pores, 
the values appear to agree rather well. 
An interesting sidelight to the work of Bombara is that 
examination of his published polarization curves in citrate 
shows that the deviation in the cathodic curve alluded to 
previously is also present in Bombara's work but was not 
discussed by the authors. Apparently no significance was 
attached to what can now be seen as an important phenomenon 
in the characterization of the behavior of tinplate. 
As can be seen from Figure 10, the corrosion rate is 
dramatically increased by the presence of antimony in the 
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Table 2 
limiting corrosion 
Sb current 
(loq A/**) 
current. 
specimen # ppm Sb (log A/m2! 
1 0 — -3.44 
2 15 -3.10 -3.25 
3 30 -2.62 -3.18 
4 35 -2.19 -3.04 
5 60 -2.08 -3.03 
6 95 -1.94 -2.95 
7 170 -1.92 -2.86 
8 235 -1.61 -2.77 
9 235 -1.92 -2.37 
10 280 -1.97 -2.66 
11 290 -1.83 -2.44 
12 320 -1.76 -2.52 
13 340 -1.64 -2.56 
14 490 -1.95 -2.44 
15 530 -1.94 -2.34 
16 550 -1.70 -2.24 
17 560 -1.92 -2.31 
18 640 -1.71 -2.49 
19 640 -1.52 -2.22 
20 700 -1.58 -2.30 
21 710 -1.71 -1.76 
22 760 -1.56 -2.14 
23 820 -1.38 -2.12 
24 860 -1.40 -2.07 
25 920 -1.71 -2.11 
26 1045 -1.32 -1.86 
27 1120 -1.66 -2.06 
28 1165 -1.77 -2.05 
29 1280 -1.48 -2.07 
30 1750 -1.18 -1.76 
31 1860 -1.56 -1.91 
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tinplate.  It seemed possible that this might be due to an 
accumulation of antimony atoms on the surface. Without 
evidence to indicate that the ratio of antimony atoms to 
tin atoms on the surface was the same as that in the bulk 
of the tinplate it was conceivable that at the start of the 
corrosion process a percentage of the oxidized antimony 
might return to the surface and be replated or might never 
have dissolved in the first place. At some point a steady 
state might be reached at which the antimony concentration 
on the surface might be many times higher than that of the 
bulk.  In order to test whether this was or was not the 
case two specimens were plated from the identical bath 
which have produced a nominal antimony concentration of 
1000 ppm (by weight).  One of these specimens was retained 
as a blank.  The other was placed in the polarization cell 
and was run anodically in IN citric acid at a relatively 
low current density , circa 0.2 A/m , for four hours.  If 
antimony did indeed replate on the surface it was felt that 
these conditions would easily produce the effect.  The two 
specimens were later analyzed by Auger spectroscopy. With- 
in the limits of experimental error the two specimens were 
found to have the same surface concentration of antimony 
atoms. It can therefore be concluded that the corrosion 
rates of Figure 10 are truly plotted against the antimony 
concentration to which they are related. 
A method of determining the manner of action of anti- 
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mony is to plot the data from Figure 9 directly.  If the 
cathodic reaction can proceed equally well at single anti- 
mony sit;es and at paired sites then the doubling of antimo- 
ny concentration should cause a corresponding doubling of 
the limiting antimony current density, as opposed to the 
more than doubling which would be evident if only antimony 
pairs were active, and thus a straight line relationship 
should be evident.  These data are shown in Figure 11.  If 
the datum point at 1860 ppm Sb, the highest" concentration 
of the set, is neglected, then the indicated line is 
obtained by a least squares fit of the data. A correlation 
factor of 0.80 for these data indicates the strong proba- 
bility that a straignt-line behavior is indeed the best 
description of the relation between cathodic current densi- 
ty and antimony concentration. 
The conclusion that the cathodic reaction can easily 
proceed at the site of a single antimony atom is corrobo- 
rated by a direct plot of antimony concentration vs the 
corrosion rate.  If the corrosion of a metal is thermody- 
namically favored, it is generally the case that the corro- 
sion will proceed as rapidly as the cathodic reaction 
allows.  It is to be expected, then, that if the cathodic 
reaction on tin is directly proportional to the concentra- 
tion of antimony then the corrosion rate of tin should also 
be directly proportional to antimony content. As Figure 12 
clearly shows, a straight line relationship is indicated by 
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) 
the data, with a correlation factor of 0.93.  The slope of 
the least squares fit of the data indicates that an increase 
2 
of 0.01 A/m in the corrosion rate would result from the 
addition of 1100 ppm antimony to pure tin.  Stated another 
way, an antimony impurity of only 100 ppm will cause an 
increase in the corrosion rate of 9.1 x 10  A/m .  Since 
—4 the corrosion rate of pure tin is on the order of 4 x 10 
2 A/m this small impurity already more than triples the cor- 
rosion rate.  Reliable data for the extent of antimony 
contamination in tinplate is not available but it should be 
pointed out that perusal pf major chemical supplier's cata- 
logs shows that the antimony level in chemically pure tin 
is typically on the order of 0.02% (200 ppm). Commercial 
tin would probably contain considerably more antimony. 
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Chapter 4 
The Effect of Nitrite on the Corrosion of Tin 
The experimental work on the effects of nitrite on the 
corrosion rate of tin were performed using the apparatus 
described previously.  The specimens were the same high 
purity tin cylinders described previously and were cleaned, 
after light abrasion by fine emery cloth, in a concentrated 
hydrochloric acid bath for 2 to 3 minutes not more than 10 
minutes before being placed in the polarization apparatus. 
The temperature of the liquid was 19° + 1° C. One liter of 
a citric acid solution was placed in the polarization appa- 
ratus and was deaerated for 1 hr. before the start of the 
experiment.  This solution contained an amount of citric 
acid such that the solution would be 1 N when diluted to 
1010 ml.  This procedure was followed in order that the 
nitrite, added as a 10 ml solution of NaNO?, would be in 
contact with the acid for as short a time as practical 
before the start of polarization.' This precaution was 
taken since it was known that contact of nitrite ions with 
strong acids causes the decomposition of the nitrite and 
the subsequent formation of nitrogen dioxide. Corrosion 
rate data of tin in citric acid/nitrite solutions prepared 
in this manner were compared to data obtained from the 
polarization of tin in citric acid in which the nitrite had 
been present during the entire deaeration step.  No signi- 
ficant differences were noted, indicating that at the low 
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levels of nitrite in the citric acid (generally 20 ppm or 
lower) the rate of decomposition is too slow to be of 
importance during the time of the experiments 
The polarization of tin in citric acid, to which small 
amounts of nitrite had been added, produced curves with 
cathodic distortions of the type exhibited din the tin/anti- 
mony study (see Figure 13). Here again this distortion may 
'i' 
be explained as the summation of more than one reaction 
occurring during the reduction process. At high current 
density values, that is, after the Tafel region has been 
entered, the predominant cathodic reaction is hydrogen 
evolution. At lower current densities, however, the reduc- 
tion of nitrite may well be considered to be a possible 
major source of cathodic current.  Under the simplifying 
assumption that the reduction of dissolved oxygen may be 
disregarded, the corrosion rate data may be used to describe 
the effects of nitrite on the dissolution of tin. 
The experimental data are summarized in Table 3.  Plot- 
ting the corrosion rate of tin vs the concentration of 
nitrite in the citric acid yields the graph shown in Figure 
14.  The data indicate a straight-line relationship.  This 
behavior agrees with the observation by Sherlock, et al*  , 
that the corrosion of tin by nitrite in citric acid is 
directly proportional to the concentration of HN02 in solu- 
tion. Since all of the specimens in the present study were 
examined at the same pH, the concentration of HN02 is 
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Table 3 
corrosion limiting NOJ2 
red. cur. (A/m ) specimen ID ppm NOj rate (A/m2) 
1 1 0.0331 0.00631 
2 1 0.0148 0.00661 
3 2 0.0479 0.0115 
4 4 0.0537 0.0295 
5 5 0.129 0.0603 
6 8 0.676 0.692 
7 8 0.0832 0.0589 
8 8 0.141 0.0692 
9 8 0.115 0.141 
10 10 0.138 0.117 
11 10 0.151 0.0776 
12 10 0.0631* - 
13 10 0.0891* - 
14 10 0.0676* - 
15 10 0.0501* - 
16 15 0.257 0.200 
17 20 0.398 0.129 
18 20 0.407 0.166 
19 20 0.245 0.166 
20 20 0.417 0.195 
21 100 0.575 0.437 
directly proportional to the concentration of NOl-  The 
prediction of linearity might also have been made from the 
plot of the limiting nitrite reduction current density, 
obtained in the same manner as the limiting antimony cur- 
rent density, vs nitrite concentration.  This plot, given 
in Figure 15, shows a linear relationship.  Since the 
limiting nitrite reduction current density is directly 
proportional to nitrite concentration at any particular pH 
Data obtained by extrapolation of the anodic curve to 
corrosion potential; not used in the least squares 
fit of Fig. 14. These specimens exhibited "cathodic 
passivation" and will be discussed later in the text. 
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it follows that the corrosion fate is also dependent on the 
nitrite concentration since the cathodically controlled 
corrosion of tin will essentially proceed at the reduction 
rate of nitrite. 
An intriguing phenomenon observed during the polariza- 
tion experiments was one which might be termed cathodic 
passivation. At a nitrite concentration of 10 ppm and at a 
potential roughly 0.1 V lower than the free corrosion 
potential of the sample the current dropped to negligible 
levels. This phenomenon is shown schematically in Figure 
16.  Repeated polarization of the same sample again showed 
this cathodic passivation with the area of "passivation" 
being either larger or smaller than the previous run and 
starting at either a slightly higher or lower potential. 
In other words, repeated polarization of a sample which had 
exhibited this cathodic passivation would again show the 
same behavior but would not reproduce it in any precise 
manner. A summary of the steps involved in the phenomenon 
are as follows:  (1)  the cathodic reaction proceeds nor- 
mally at potentials only slightly more negative than the 
corrosion potential,  (2) the current decreases at more 
negative potentials,  (3)  over a small potential range the 
current is too low-to be measured, (4) the current-restricting phe- 
nomenon begins to decay at still more negative potentials until (5) 
the current restriction is suddenly destroyed, allowing the tin to 
return to semi-normal behavior. Some observations to be made of this 
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phenomenon are firstly that after the return of the tin to 
a normal type of behavior a Tafel relationship is quickly 
established. The extrapolation of this Tafel line back to 
the corrosion potential does not produce an estimate of the 
corrosion rate equal to that given by extrapolation of the 
anodic curve but rather meets the corrosion potential at a 
rate far below even the corrosion rate of pure tin.  If 
this observation is not inaccurate due to extrapolation 
over too great a distance then the possibility exists that 
a portion of the tin area remained inactive even at the 
lowest potentials tested, thus reducing the effective 
cathodic area. A typical extrapolation of the cathodic 
Tafel line of a sample which had showed cathodic passiva- 
tion yields a value of -4.6 for the log of the corrosion 
current density in A/m .  This corresponds to the activa- 
tion of only 7% of the tin's surface area.  In addition, 
the conditions for the final breakdown of the current 
restriction were nearly identical each time the phenomenon 
was noted.  That is, the breakdown occurred regularly at a 
2 
current density of 0.03 A/m and a potential of -1.09 V. 
Intuitively, the most satisfying explanation for the 
phenomenon of cathodic passivation is the formation of a 
layer which prevents the ready flow of current between the 
tin and the surrounding solution.  The formation of an 
oxide layer seems to be the most probable explanation for 
cathodic passivation. A regular oxide coating with few 
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defects would be expected to decrease current due to its 
poor electrical conductivity.  The existence of an oxide 
layer is brought into some doubt by the work of Ibrahim*  , 
who, working with galvanostatic techniques, found that tin 
in citric acid forms an oxide above pH 4 but does not do so 
below pH 4.  Ibrahim's work, however, was done without the 
presence of an oxidizing agent such as nitrite, making his 
data partially invalid for the present purposes and perhaps 
entirely so. 
Since the cathodic passivation is observed only at 10 
ppm nitrite it seems quite possible that the passivating 
layer is made up of two or more constituents which must be 
present at certain ratios.  If this situation is truly the 
case, one of these constituents is probably either the 
nitrite itself or one of its reduction products, possibly 
the ammonium ion. As a hypothesis we may assume that the 
surface tin itself exists in the form of a hydroxide.  It 
is possible, then, that a layer of ammonia might be suffi- 
ciently tightly held to the surface to discourage the close 
approach of hydrogen ions.  If the hydrogen ions were in- 
deed prevented from reaching the surface then it is not 
surprising that the cathodic current would decrease.  If, 
at some point, a potential is reached which would cause 
the reduction of the tin hydroxide to tin metal the current 
restricting layer would be destroyed.  The tin hydroxide/ 
ammonia layer and the tin oxide layer are but two hypothe- 
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ses of several that might be devised to attempt an expla- 
nation of the cathodic passivation phenomenon.  The lack of 
firm data in this regard points out the need for further 
experimentation to determine if cathodic passivation is a 
general phenomenon which may be induced at will. 
Attempts to induce the behavior by imposing a poten- 
tial of approximately -1.2 V for several seconds before the 
start of polarization, which sometimes happened accidental- 
ly due to the fact that that potential was set on the poten- 
tiostat during concurrent work by another investigator, 
failed to produce the passivation. 
A related phenomenon of cathodic passivation was 
observed by Sherlock and Britton*  ' in their study of the 
corrosion of tin by nitrate.  They found that during the 
cathodic polarization of tin in either citric or sulfuric 
acids, to which 300 or 1000 ppm nitrate had been added, a 
decrease in current was evident before again increasing and 
entering the Tafel region.  This behavior was also noted din 
the present study and indicates that the prerequisites for 
the cathodic passivation were not fully met.  Whether the 
decrease in current during polarization in the study by 
Sherlock and Britton was due to nitrate itself is question- 
f 8) 
able.  The work of Britz and Luft1  on the corrosion of 
tin by both nitrite and nitrate clearly shows that in much 
less than 1 hr. significant amounts of nitrate may be 
reduced to nitrite.  Britz and Luft demonstrate that 
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nitrate is reduced eventually to the ammonium ion in acidic 
media. An intermediate in this process is almost surely 
the nitrite ion.  It is therefore conceivable that the 
decrease in cathodic current with the lowering of potential 
noted by Sherlock and Britton was actually attributable to 
the presence of nitrite. 
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